ABSTRACT Communications over power lines (PLC) is a promising technology for a variety of applications. The use of a single network for power and data transmission with PLC provides weight, space and cost savings for vehicular communications. Current work focuses on broadband PLC (BPL) systems compliant with the IEEE 1901 standard. Given that transmissions occur on a physical medium not designed for data communication, the channel and noise characteristics are mostly unfavorable. To deal with these conditions, turbo codes have been widely employed due to their high performance. However, their performance strongly depends on the accuracy of the noise estimation. This work addresses the estimation of the noise power spectral density (PSD) to perform soft-decoding. A general background noise (GBN) model and a narrowband interference (NBI) model are considered. To the best of our knowledge, this is the first work that analyzes the effects of NBI leakage on noise estimation when it is performed during the reception of the data frame. We propose the use of the frame control (FC) symbol to reduce interference leakage on noise estimation. Additionally, we investigate the use of payload symbols to further reduce the spectral leakage. Finally, we show that system performance considerably improves by using the FC-based estimation in soft-decoding procedures.
I. INTRODUCTION

D
ATA communication over power lines is a promising technology for a variety of applications. At the turn of the century, power line communications (PLC) received a renewed interest driven by the increased popularity of Automatic Meter Reading (AMR) systems, Smart Grids and building automation [1] . As a result of this development a variety of standards emerged between 2010 and 2013 [2] - [5] .
Specifically, technical advances in broadband PLC (BPL) systems enable a variety of applications besides AMR due to its higher data rate compared to older PLC systems. This work focuses on PLC systems operating in the 1.8-50 MHz range compliant with the IEEE 1901 Std. [2] .
PLC has the potential to provide a significant weight, space and cost savings in vehicles which represents a unique advantage for aircrafts, trains and automotive applications [6] , [7] . Particularly for aerospace systems, the potential savings provided by PLC could reduce fuel consumption and CO2 emissions. For this reason, the University of Applied Science and Arts of Lucerne (HSLU) in collaboration with DIEHL Aerospace were awarded the 2017 Crystal Cabin Award for the use of PLC for aircraft cabin applications [8] .
However, the use of power distribution networks for data communications brings along substantial challenges [1] . Given that transmissions occur on a wired network not designed for high-speed data communications, the channel characteristics are mostly unfavorable. Signal reflections, caused by impedance mismatches and discontinuities, and the resulting frequency-selective fading; as well as high noise power values represent a major challenge for reliable communications on PLC systems.
The noise environment poses an especially daunting challenge to PLC. The simple additive white Gaussian noise (AWGN) channel typically assumed for wireless communications is not applicable for PLC. Power line channels may be simultaneously affected by the following three different types of noise: generalized background noise (GBN), narrowband interference (NBI) and impulsive noise. The first two can be considered stationary for the duration of a frame, while the third is highly variable in time [1] . The GBN is comprised of AWGN and colored background noise (CBN) resulting from the superposition of multiple noise sources coupled to the line.
Modern PLC systems provide powerful signal processing methods to combat the channel and noise effects mentioned above. This is the case for multi-carrier modulation schemes (e.g. Orthogonal Frequency Division Multiplexing (OFDM)), which perform better than single-carrier schemes on frequency-selective channels. Also, turbo and low density parity check (LDPC) codes are of special interest given that they have been able to achieve efficient error correction performance close to the theoretical Shannon limit [9] .
While equalization and impulsive noise mitigation techniques have been widely explored in PLC systems, little work has been done regarding noise power spectrum estimation. However, the performance of error correcting algorithms strongly depends on the noise power spectral density (PSD). Therefore, an accurate estimation of this variable becomes a crucial requirement for PLC systems.
Several studies have suggested performing noise power spectrum estimation during the silent intervals between consecutive PLC transmissions (off-line estimation) [10] - [13] . The samples collected during those intervals are then further processed to obtain a noise estimate. Based on this stored noise trace, the estimated noise PSD can be calculated by any spectral estimation method (e.g. modified periodogram and Bartlett-Welch) [14] . In order to obtain accurate estimates, a large number of noise samples must be recorded. However, power lines represent a shared medium and access to that medium needs to be efficiently coordinated between all devices using a medium access control (MAC) protocol. The optimization goal of the MAC is thus to minimize the amount and duration of silent intervals in order to maximize the overall throughput. Especially in larger networks the silent interval duration may not be sufficient to obtain a suitable number of noise samples for accurate off-line estimation. Thus, a receiver might not be able to store a sufficiently large noise signal in order to accurately estimate the noise power spectrum of the channel.
In light of the drawbacks of off-line estimation, it is desirable to use algorithms which estimate noise PSD primarily during data transmission with minor effort during silent intervals [15] . A commonly proposed solution is based on finding the difference between the noisy received signal in the frequency domain and the best hypothesis of noiseless received samples [16] , [17] . This approach is well-suited for any variation of noise statistics.
Despite the strength of OFDM against multipath channels, it is very sensitive to NBI [18] . In the presence of an interference signal, the Discrete Fourier Transform (DFT) in the OFDM demodulator spreads the interference power over the whole frequency band, increasing the overall noise power. This effect is known as spectral leakage and is produced by the non-orthogonality of an interference signal to the DFT filter.
Several attempts have been made to mitigate spectral leakage caused by NBI in OFDM systems. Previous studies have limited leakage by applying time-domain windowing based on spectral estimation theory [14] , [19] . Fixed windows (typically based on Hamming, Hanning, or raised cosine shapes) have been proposed in [20] , [21] . In [22] , an OFDM receiver is enhanced by multiplying the received signal by a minimum mean-square error (MMSE)-optimum Nyquist window. An over-sized guard interval is used to enable a more robust demodulation in joint additive noise and intercarrier interference (ICI) due to carrier frequency offsets. Time windowing techniques require modifications to both the transmitter and the receiver in order to properly apply different window shapes. On the contrary, this can be avoided by using samples from the cyclic prefix (CP) to obtain a window that affects the received noise components without affecting the data signal components [23] . This is possible under the assumption that the channel propagation delay is much smaller than the CP.
Besides the window's shape, its length also plays an important role in spectral leakage reduction. The larger the number of samples in a window, the narrower the main lobe in the frequency domain and the larger its power will be [14] . Therefore, the noise floor is decreased and fewer subcarriers are affected by high noise levels.
Another way to mitigate NBI in OFDM systems is to perform noise cancellation within the received signal. This technique requires prior knowledge of the interference model and estimation of its parameters in either the time or the frequency domains (e.g. amplitude, phase and frequency for a single-tone interferer) [24] , [25] . Cancellation performance strongly depends on the accuracy of the estimated parameters. If the estimated signal does not match the actual interference signal, interference cancellation significantly deteriorates system performance [19] .
Prediction error and excision (notch) filtering have also been proposed for interference cancellation [26] - [29] . These techniques rely on an off-line estimation of the interference carrier frequency(s). If the estimated center frequency of a disturbance deviates slightly from the true frequency, the bit error rate (BER) will increase drastically [29] . Additionally, notch filtering reduces the effective CP length making systems more susceptible to intersymbol interference (ISI) errors in channels with long delay spread.
A variety of solutions are also reported on compressed sensing for NBI mitigation [30] - [33] . However, this requires a sparse noise PSD in the frequency domain, which is not typically applicable to PLC systems.
Instead of canceling the interference, a different approach proposes to include the current NBI power into the loglikelihood ratio (LLR) computation at the receiver side [19] , [34] . This sort of weighting of soft-decisions relies on the ability of coding schemes to limit the influence of interfering signals. This is particularly advantageous to transceivers with a large coding gain as is the case for turbo codes. Moreover, the implementation of this approach requires only minor modifications to the receiver scheme, which are compatible with IEEE 1901 specifications.
This work addresses the estimation of the noise PSD for use in the soft-decoding process. Additionally, we study the effects of NBI leakage on noise estimation when it is performed during the reception of the data frame. A major contribution of this paper is to offer some important insights into the resulting system performance degradation produced by an inaccurate preamble-based noise power estimate.
As the frame control (FC) symbol defined in IEEE 1901 has a longer duration than the preamble mini-symbols the noise PSD can be better estimated. This is due to the higher frequency resolution that can be provided by the FC symbol as it consists of 2048 subcarriers whereas a preamble minisymbol only costs of 256 subcarriers. Although it might seem like a decision-directed approach [35] , [36] it is not, since the FC symbol must be perfectly recovered on the receiver side to correctly perform data recovery. Therefore, FC-based noise PSD estimate will not be affected by propagation errors which can severely degrade system performance. To the best of our knowledge, this is the first time that the use of the FC symbol to derive a better noise PSD has been proposed. Our proposal aims to reduce the impact of NBI leakage on system performance by combining time windowing with soft-decision weighting. We evaluate the proposed estimation approaches in multipath channels contaminated by background noise and NBI [1] , [19] , [37] .
The rest of this paper is organized as follows. An OFDM transceiver and the physical protocol data unit (PPDU) structure of IEEE 1901 are presented in Section II. In Section III, we describe the PLC noise models will be used throughout this paper. In addition, spectral leakage in OFDM systems is addressed, with specific focus on how the window length modifies the noise floor. In Section IV, we present three different approaches to estimate the noise PSD within the frame time interval. We then evaluate these three schemes in Section V through simulations. Finally, conclusions are drawn in Section VI.
II. SYSTEM MODEL A. OFDM TRANSCEIVER
We evaluate the impact of spectral leakage and noise estimation on a PLC system using a transceiver conformant with the IEEE 1901 standard. [2] . (IFFT) block. Preamble symbols are obtained using a 512-point IFFT, while FC and payload symbols are derived using a 4096-point IFFT.
A fixed number of samples from the end of each OFDM symbol is inserted at the beginning in order to form the CP which creates an extended OFDM symbol. As long as the CP length is longer than the actual length of the multipath channel propagation delay, a simplified frequency-domain processing at the receiver without ICI and ISI can be performed. A preamble sequence is prepended before the FC symbol at the beginning of a PPDU.
On the receiver side, the same operations are performed in reverse order to recover the data bits. Other signal processing blocks such as automatic gain control (AGC) and sampling frequency offset correction are present, however out of the scope of this work as they are not relevant to noise PSD estimation.
B. PHYSICAL PROTOCOL DATA UNIT
According to [2] , PPDUs carrying payload data consist of a preamble sequence, at least one FC symbol and, optionally, one or more payload symbols [2, Table 13 -3]. Even though there are various PPDU structures, a valid PPDU always carries at least a preamble sequence and one FC symbol. Preamble sequences are generally used to perform frame detection, automatic gain control, frame synchronization and channel estimation. Considering that long preambles incur communication overhead, it is desirable to keep its length as short as possible. This explains the short size of preamble symbols compared to the rest on a PPDU. Fig. 2 depicts an IEEE 1901 FFT preamble sequence, which is composed of 7.5 positive synchronization symbols (SP) and 2.5 negative synchronization symbols (SM) (SM= −SP). All SP and SM span 512 time samples which is equivalent to 256 frequency subcarriers. On the other hand, IEEE 1901 FC and payload symbols span 4096 time samples each or 2048 frequency subcarriers.
The FC data carries information required by the physical layer (PHY) and the MAC layer to recover the payload data. To obtain high reliability in decoding the FC symbol, a frequency-diversity mode is implemented in the IEEE 1901 VOLUME X, 2019 standard. A diversity copier redundantly maps the FC interleaved bits onto one or (optionally) two OFDM symbols. Error detection is enabled on the FC data through the use of a cyclic redundancy check (CRC). Whenever an error is detected in the FC data, the entire frame is discarded and a retransmission is requested [2] .
After recovering the FC data, it can be put back through the FEC encoder and the mapper to determine which phases were actually transmitted. In [2] , this is proposed to obtain a new reference for the channel taps on subsequent payload symbol(s). However, we will show that updating the power estimate based on FC yields higher gain than updating the channel taps.
III. NOISE MODEL
In general, power line channels exhibit high frequencyselectivity due to reflections caused by impedance mismatches and group delay with high variability and multiple peaks. This explains both the amplitude and delay distortion exhibited by power line channels. Throughout this work we assume that the channel frequency response (CFR) remains constant during a frame interval.
A. NOISE MODEL
Besides the harsh conditions of PLC channels, dealing with noise is a challenge to overcome for reliable communications over power lines cables. We consider a PLC link with GBN and NBI similar to the one depicted in Fig. 3 . Other types of noise encountered in PLC are out of the scope of this work.
Background noise in PLC is caused by thermal noise resulting from the superposition of multiple noise sources coupled to the line which typically lead to a high noise PSD for lower frequencies. Esmailian et al. have proved in [39] that the probability density function (pdf) of background noise is still Gaussian, however it is no longer white. Generally, the spectrum of the GBN is between −120dB/Hz and −140 dB/Hz, with high values (20 to 50 dB of difference) in the region below 1 MHz and almost flat response in the rest of the band. The PSD of CBN can be modeled by [39] :
where proposed typical values for a, b and c are [40] :
-best case: a = 140dB mW/Hz, b = 38.75dB mW/Hz and c = 0.720, -worst case: a = 145dB mW/Hz, b = 53.23dB mW/Hz and c = 0.337. By using these expressions, a GBN time-domain sequence c[n] can be obtained by coloring a white Gaussian noise (WGN) signal with a frequency response as given in (1).
On the other hand, NBI is caused by an ingress of broadcast stations and amateur radio signals into the power lines. These unwanted signals penetrate the unshielded power line cables and interfere with the system since their frequency bands lie within the operating frequencies of BPL. Radio interference signals are usually amplitude modulated (AM) and their power level will generally vary with the time of day [36] . NBI is typically found below 2 MHz or above 20 MHz, and has PSD levels significantly higher than the background noise (even more than 30 dB in some cases!). Commercial AM radio stations are an example of NBI in PLC. Fig. 3 shows the measured noise PSD in an indoor scenario at different time instants with NBI highlighted. NBI's bandwidth is assumed to be smaller than the subcarrier spacing of IEEE 1901 OFDM symbols (approximately 24.4 kHz) [19] .
The influence of NBI on an IEEE 1901 PLC system can be modeled by a single tone as follows:
where E i is the interference power, w i is the normalized frequency and θ is a random phase uniformly distributed over
The received signal is given by:
where h[n] is the channel impulse response, x[n] is the transmitted signal, and ⊗ is the circular convolution operator. The overall noise is represented by:
where c[n] and i[n], are GBN and NBI, respectively. Assuming an effective channel response shorter or equal to the guard interval length and removing the CP, the signal at the output of an N-Fast Fourier Transform (FFT) is given by: k] , which are the GBN and NBI in the frequency domain, respectively. Parameter N is the FFT/IFFT block size that takes value N P = 512 for preamble symbols, and N FC = N PL = 4096 for FC and payload symbols.
B. NBI SPECTRAL LEAKAGE IN OFDM
OFDM systems produce a multi-carrier signal in a way that orthogonality is guaranteed at the receiver. To recover orthogonality from received symbols we process their remaining portion just without considering CP samples. After that, a DFT of the remaining N samples forces the periodicity of the time signal. The DFT output is free of ICI, given that every subcarrier fits exactly in an integer multiple of the inverse of the OFDM useful interval T u . Denoting f k to be the k-th subcarrier frequency, the orthogonality condition is given by:
On the contrary, an interfering tone overlapping an OFDM symbol, is not generally placed on DFT filter maxima f k . Therefore, the interference power is not concentrated in a single frequency component, but it leaks into the whole band [20] . This scenario is similar to when there is interference among the OFDM subcarriers (ICI).
We rewrite the interference frequency in (2), as:
where m is the subcarrier index closest to the interference and α is the interferer frequency offset between tones m and m ± 1, uniformly distributed over the interval [−0.5, 0.5].
Using a rectangular window and taking
N Ni
∈ N , the Npoint DFT of an interference signal, like the one represented in (2), results in: Then, the spectral leakage can be defined in terms of the interference power located on each subcarrier as:
A best case of minimum spectral leakage occurs for α = 0, where the interferer frequency is equal to an OFDM subcarrier, and thus, it is orthogonal to the DFT filter. Under this condition, all the interference power is concentrated in one subcarrier only, and there is no leakage to adjacent frequencies. On the contrary, the greatest spectral leakage occurs for α = ±0.5, where the interference power is spread across all subcarriers. The windowing operation and spectral sampling also have a high impact on spectral leakage. Applying a window to a sequence spreads the impulses of its Fourier representation, thus, the exact frequency is less sharply defined. Therefore, the spectral sampling inherent in the DFT has the effect of potentially giving a misleading or inaccurate picture of the true spectrum of the sinusoidal signal [41] .
Let us consider the different N-point DFT values employed in IEEE 1901 in order to analyze the effect of term |I[k]| 2 on each symbol. Since N does not take the same value for the preamble, FC and payload symbols; spectral leakage will differ between different symbols. Considering N i = 512, the interference PSD at preamble symbols can be derived by taking N = N P = 512 in (9),
Similarly, the interference PSD at FC and payload symbols, yields:
A closed form expression can be obtained to analytically show how the NBI leakage in the preamble in (10) is larger compared to the leakage in the FC symbol in (11) . Notice that k does not take the same values in both expressions, although it represents the full range of frequencies in both cases. Therefore, considering the ratio resulting from the division of (10) by (11) for those values of k where both expressions represent the same frequency component, yields:
The above expression can be adapted to obtain a ratio depending only on α. After some algebraic manipulation (12) can be simplified to: It can be easily verified that r α takes values in the range [1, +∞), where the minimum bound holds for α = 0. For this situation there is no noise leakage, therefore, the interference power is concentrated in one subcarrier of the preamble and in one subcarrier of the FC. All other values of α, given by α ∈ (0, 0.5] will produce r α > 1 which shows that the interference leakage in the preamble symbols is always greater than in the FC and payload symbols. Specific cases of (13) are given for α = , where there is no leakage in the FC symbol, but only in the preamble. Fig. 4 shows that the interference leakage increases with higher values of α (black curves). This figure also shows how noise levels are higher for the preamble symbols compared to the FC and payload as has been proven through (13) . Therefore, NBI will have a smaller impact on a noise PSD estimation made with the FC than one made with the preamble.
IV. NOISE POWER SPECTRAL DENSITY ESTIMATION
Before noise estimation can be performed at the receiver, it is necessary to equalize the FFT output. For this equalization a channel estimation has to be performed. A considerable amount of literature has been published on this topic [42] - [46] . Particularly for an IEEE 1901 PLC system, data-aided channel estimation based on preamble symbols is recommended. In this work we equalize the output of the FFT with the actual CFR instead of considering channel estimation.
A. NOISE PSD ESTIMATION BASED ON PREAMBLE
The IEEE 1901 preamble sequence comprises ten OFDM mini-symbols. After performing AGC, frame detection and synchronization, L preamble symbols remain at the receiver for estimation purposes. Given a received signal as in (5), the l-th received preamble symbol can be expressed as:
Solving for V P,l [k] in (14), the noise estimation within the preamble yields:
The periodogram of the noise PSD is obtained by taking the squared absolute values of V P,l [k] [14] :
In general, the variance of the sum of L independent and identically distributed (IID) random variables is 1/L times the variance of each of the random variables. Thus, considering L IID estimates of R P,l [k], a more accurate estimate can be obtained by averaging over L symbols [46] - [48] , as follows:
This has been proven to improve estimation accuracy, specially in case of a low signal-to-noise ratio (SNR) [14] . The periodogram estimator is an asymptotically unbiased estimator of the true spectrum of v [n] . Notice that since v[n] is not white noise, its spectrum varies across OFDM subcarriers. Therefore, estimating the noise PSD should not be simplified by computing a scalar noise variance value from the whole frequency band. Estimating R[k] from (17), yields a frequency dependent estimate of the local noise power values.
Since the noise estimate is obtained from 512-FFT symbols but used for the LLR computation of 4096-FFT symbols, interpolation has to be applied to obtain the missing subcarriers. Thus, interpolation of R P [k] yields:
where g (·) can be any arbitrary interpolation function. As previously mentioned, the NBI power leaks from the interference frequency to the neighboring subcarrier bands. This leakage effect increases the noise floor causing an incorrect compensation of the input signal at the turbo decoder block.
B. NOISE PSD ESTIMATION BASED ON FC SYMBOL RE-ENCODING AND RE-MAPPING
Previous studies have proposed using the FC symbol to estimate the channel response taps for decoding the payload OFDM symbols [2] , [49] - [51] . The information in the FC data is important to properly decode the payload, which is why it is additionally protected by a CRC. Upon failure of the CRC the whole PPDU is discarded, thus we can safely assume that the FC symbol provides a new reference for dataaided estimation.
First, the FC data is recovered using the CFR and noise PSD estimates from known preamble patterns. After successful FC decoding, it is re-encoded and re-mapped to obtain a new reference X FC [k] . Then, it is used to estimate a new CFR to equalize the payload. Even though this idea has been previously addressed, little has been said about extending the use of the FC to support noise PSD estimation [51] . In this Section, we fill this gap by showing that a more accurate noise PSD estimation can be obtained by using known FC information.
Regarding CFR estimation, Bueche et al. [37] proved that reducing the spacing between pilot tones or using complex interpolation kernels does not provide high gains to systems with error protection (e.g. channel coding, interleaving, etc.). For instance, the mean square error (MSE) of the CFR interpolation error remains almost constant for a pilot spacing between 2 to 10 subcarriers for various interpolation kernels [37, Fig. 10 ]. Based on this conclusion, we forgo CFR estimation using the FC symbol.
Nevertheless, as discussed in Section III, using larger window sizes to compute the DFT lowers the spectral leakage in narrowband noise scenarios. Such is the case of the interference power leakage at the FC symbol |I FC [k]| 2 compared to the same interferer leaking at preamble symbols |I P [k]| 2 . Also, the noise estimation based on the FC symbols benefits from the higher frequency resolution of FC symbols over preamble symbols. Specifically, the IEEE 1901 FC symbol has 8 times the number of samples of preamble symbols (i.e. 4096 samples per FC symbol vs. 512 samples per preamble mini-symbol).
Once FC information has been correctly recovered, reencoded and re-mapped, the transmitted FC signal X FC [k] is available on the receiver side. Solving for V [k] in (5) for a received FC symbol, yields:
where Y FC [k] and X FC [k] are the received and transmitted FC symbol, respectively. Working as in (16), the periodogram of the noise PSD based on the FC symbol is given by:
IEEE 1901 specifications propose transmission of FC data in one FC symbol or optionally with two FC symbols. In our proposal, we consider a worst-case scenario where only one FC symbol is transmitted in every frame. Thus, there is only one realization of the periodogram available at the receiver and time averaging is not possible. Nevertheless, the periodogram variance can be reduced by smoothing relation in (20) in the frequency domain with a window s[k] as follows [11] , [52] :
where FC 2048 [k] length and * is the convolution operator
C. NOISE PSD ESTIMATION BASED ON DECISION FEEDBACK
Another possibility to perform noise PSD estimation during the reception of the data frame is to use payload symbols. This approach is known as decision-feedback and relies on estimating noise using the best hypothesis of payload data to construct a reference [35] , [36] .
Basically, the same procedure as in the FC-based estimation can be performed on the payload. First, the payload data within a received symbol is recovered. Then, a new estimation reference can be built at the receiver. Adapting (19) , (20) and (21) to payload (PL)-based estimation yields:
and
where
are transmitted and received payload symbols, respectively. Incorrect decisions on payload data recovery due to channel noise will bias the noise PSD estimate, which is the main drawback of this approach. However, provided that estimation is performed on a symbol of 4096 samples of duration, the NBI leakage is still reduced compared to preamble estimation.
V. RESULTS
In order to validate the three different proposed approaches to estimate noise PSD values within a frame, system performance is investigated using different combinations of parameters for the noise models given in Section III. Table 1 indicates the simulation parameters of the IEEE 1901 transceiver depicted in Fig. 1 . We assume a flat channel and perfect channel estimation at the receiver in order to isolate the effect of noise estimation without the influence of channel estimation errors. The 'Best case' parameters proposed in [39] multiplied by a factor A CBN . Using this approach the SNR parameter can be defined as follows:
From (3) and (4), the signal-to-interference noise ratio (SINR) yields:
where (·) is the mean value operator. The numerators of both expressions (25) and (26) represent the transmitted signal power at the output of the channel block in Fig. 1 . Whereas the denominators represent the GBN power and the NBI power, respectively. Fig. 5 shows the noise PSD estimation using the proposed approaches. The preamble-based noise PSD estimate (red curve) was obtained by averaging over three realizations of the periodogram in (17) and using the 'nearest neighbor' as interpolation function g (·) in (18) .
The noise estimation based on the FC (blue curve) and the PL symbols (yellow curve) are also depicted in Fig. 5 . These approaches achieve more accurate estimates than the preamble-based approach given that a larger window size is employed to estimate the noise. Therefore, leakage is significantly reduced at subcarriers near to the interference frequency by using FC and PL estimation. Fig. 6 depicts the BER vs. SNR when the SINR=−15dB. We include 'σ 2 n -estimation' to illustrate the negative effect that results in an incorrect compensation of the LLR values at the input of the turbo decoder. Under this approach the noise PSD is estimated as follows:
The σ 2 n -estimation exhibits the worst performance because of the incorrect compensation of the LLR values at the input of the turbo decoder. In contrast, FC-estimation shows the best performance of the three proposed methods as it reduces the interference leakage in the preamble estimation approach, however it does not introduce propagation errors contrary to the PL-estimation approach. Fig. 7 shows the BER performance versus SINR when the SNR = 0dB. The location of the NBI is m + α, where α = 0.5 and m is randomly picked from the interval [1, 2047] . This figure shows that the proposed estimation approaches are generally independent of the NBI location.
We analyze another noise scenario consisting of three NBI located at: m 1 + α 1 = 195 + 0.5, m 2 + α 2 = 890 + 0.2 and m 3 + α 3 = 1697 + 0.16, best case GBN and SNR = −5dB (Fig. 8) . The BER vs. SNR for these conditions is shown in Fig. 9 . The FC-estimation approach outperforms the other two approaches in this scenario as well. FIGURE 8. Noise PSD estimation using the proposed approaches for the second noise scenario and SINR = −15dB. 
VI. CONCLUSIONS
This work has addressed performing noise PSD estimation during the reception of the data frame for an IEEE 1901 based BPL system. Three different approaches were considered depending on where the estimation is performed: using the preamble mini-symbols, the FC symbol or the payload symbols. We have shown that the spectral leakage produced by NBI is reduced when the estimation is performed within the FC and payload symbols compared to using the preamble mini-symbols. The obtained gain in system performance (more than 2 dB) is given by using more accurate estimates in the LLR at the input of the turbo decoder. In this regard, FC and PL-based estimations show better performance than the preamble-based estimation. Experimental results suggest that the presented estimation approaches are independent of the location of the narrowband interference. .
APPENDIX A CHANNEL FREQUENCY RESPONSE ESTIMATION BASED ON THE FC SYMBOL
As previously mentioned, Bueche et al. [37] proved that reducing the spacing between pilot tones or using complex interpolation kernels does not bring high gains to systems with error protection. Moreover, they concluded that the noise level at the reference used to obtain the channel taps has the highest influence on the estimation. In this section we evaluate the BER system performance under the GBN model for two different PLC channels. We consider two different approaches to obtain the CFR: the preamble-and the FC-based CFR estimations. Using the former approach it is necessary to interpolate the 256 channel taps obtained from the preamble mini-symbols, while the latter approach obtains a direct 2048-point CFR without the need for interpolation. Fig. 10 depicts the CFR of the OPERA reference channel model 1 for in-house channels [53] . The blue curve shows the CFR from FC-based estimation, while the red curve shows the CFR from preamble-based estimation. Both curves represent ideal estimations. A zoom plot is shown in Fig. 11 to illustrate the linear interpolation error in the preamblebased estimation.
Similarly, Fig. 12 depicts the CFR of the PLC reference channel given in [1, Table 2 .1]. For this channel, the subcarriers above 30 MHz have been masked. The linear interpolation error in the preamble-based estimation is evident here as well.
Then, we evaluate the BER performance of the IEEE 1901 transceiver shown in Fig. 1 using the ideal CFR estimations from Fig. 10 and 12. For the OPERA reference model 1, the BER performance (see Fig. 13 ) is nearly the same for both estimation approaches. Fig. 14 depicts the BER performance for the second reference channel [1, Table 2 .1]. Here there is also little difference in the BER performance between the two approaches. Therefore, we can conclude that there is little gain in terms of BER performance when the CFR estimate is updated during the FC. Table 2 .1] obtained from the FC-and the preamble-based estimation. pp. 96-104.
